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ABSTRACT

A survey has been carried out examining the use of ceramics in
battery and fuel cell applications. Brief descriptions and characteristics
of batteries are presented, including those operating at near ambient and at
elevated temperatures. The current technology of fuel cells is also
discussed. Finally, a detailed analysis of the problem areas and research
needs for ceramics in these applications is provided, together with

recommendations for future work in this area.
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INTRODUCTION

The U.S. Army needs power supplies (batteries and fuel cells) for

a wide variety of applications. Consequently, many agencies are involved

with their procurement, or improvement through various RD&D activities. To

meet new duty requirements, radical advances in technology including new

systems, must be promoted. In addition, in the private industry sector, many

companies are working on advanced concept batteries and fuel cells for even-

tual commercialization and/or use in the military services. Ceramic

materials play an important role in many of the battery and fuel cell
concepts in use and under development, whether as solid electrolytes,

electrical insulators, or separators, for example. Unfortunately, there is

no comprehensive review of the state of the art of this rapidly emerging

technology, and the dependence on ceramic materials often is not fully

appreciated. Similarly, there is no broad overview available of the research

needs for ceramic materials improvement. Recognizing this, the Army Materials

and Mechanics Research Center recommended that the present study be funded
to serve as a datum point with which to compare proposed ceramics needs,

and upon which to build a coordinated effort in this area of electrochemical
power sources.

Technical Objectives

The technical objectives of the program were (1) to survey current
technology in the area of ceramics used for battery and fuel cell applica-
tions, and (2) to provide the Army Materials and Mechanics Research Center

with identified research needs associated with the use of ceramics in
batteries and fuel cells,

Technical Approach

The overall program was divided into two tasks. A critical survey

of current technology constituted Task 1. The use of ceramics as electrical

insulators, structural materials, separators and solid electrolytes ‘was
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considered. Individual battery systems were studied, and reference made to
associated technology in fuel cells and water electrolyzers. Similarities
and differences between the various applications and their requirements

were considered. In Task 2 the research needs were identified using the data
base generated, supplemented by personal contact with researchers active in
this general area of technology. Needs were related to both materials
problems and electrochemical problems.

While Tasks 1 and 2 have been described separately above, to some
extent they are interrelated, and efforts on these tasks were carried out
concurrently to a large degree. Task 2, however, was dependent upon the
completeness of the survey made under Task 1.

In performing the Task 1 survey, experience gained through prior
contracts on surveying the available and required technology for bulk elec-
trical energy storage, and on developing primary and secondary battery systems
and fuel cells for a wide range of applications, formed a base upon which to
build. The availability of the Electrochemical Energy Storage Index, the
Battery Information Index, and the Battelle information resources supplemented
the data base. Attendance by BCL electrochemists and ceramists at several
national meetings of engineering societies also added to the information
resources, Finally, personal contact with researchers active in the develop-
ment of ceramic materials for battery and fuel cell applications ensured the
comprehensiveness and timeliness of the material needed to complete the survey.

In determining research needs in Task 2, it became apparent that
some materials were common to a variety of individual battery systems, and
also the performance of some ceramic materials in certain functions was
acceptable, compared with the need for improvement in other functions.

Thus many of the identified research needs concern separator materials and
solid electrolyte materials, which directly affect the performance of the
electrochemical devices. Less emphasis has been placed on ceramic materials
used for feedthroughs, for example, because these only indirectly affect

performance, and in low temperature devices have usually proved to be reliable
in service.
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TECHNICAL SUMMARY

The use of ceramic materials in primary, secondary, thermal and
reserve batteries; and in fuel cells having aqueous, molten salt or solid
electrolytes is described. Application of these materials is mainly found
as (1) Separator, spacer or matrix components, (2) Solid electrolyte
components, and (3) Seals and feedthrough (electrical insulation) components.
Other uses are as miscellaneous structural materials and electrode support
materials, as thermal insulation, as corrosion-resistant coatings, and as
electrolyte additives.

Asbestos, fiber glass mats, boron nitride mats/cloth, and zirconia
cloth are the principal separator materials in use in batteries. Beta-
alumina or sodium-ion conducting glasses are the principal solid electrolyte
materials. Glasses, alpha-alumina, beryllia and boron nitride are the most
common electrically insulating materials used in feedthroughs and seals.

In low temperature fuel cells, asbestos and potassium titanate have been used
as separator/matrix materials, while doped zirconia, thoria or ceria have
been used as solid electrolytes at clevated temperature. Transition metal
oxides and carbides have been used as electrocatalysts, as have various
perovskite-type materials. Glasses and alpha-alumina are used mainly for
seals and feedthroughs.

Problem areas have been identified for both batteries and fuel
cells, and approaches to resolving these problems through the use of ceramic
materials are discussed. Research needs have been delineated. With the
majority of battery and fuel cell systems, emphasis 1s on developing practi-
cal commercial hardware, or devices for use by the DoD. There is, however,
a real need for two types of supportive effort, both involving R&D as
opposed to engineering development. The first effort includes general
studies to improve materials properties such as toughness and strength, and
stability such that processing technology can be advanced to the stage that
low cost components can be fabricated. The second effort is of a more
theoretical nature and should address such problems as developing an under-

standing of structure/conductivity relationships in solid electrolytes, and
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an understanding of the mechanisms of degradation and corrosion attack. The
role of impurities, both in the ceramic materials themselves, or leached from
other cell components, is likely to assume increasing importance as more

efficient and longer-lived devices are required.

DETAILED PROGRAM FINDINGS

Scope and Terminology

During the Task 1 studies the scope was purposely kept as wide
as possible to reflect the very many applications for ceramic materials.
The following systems were considered:

e Primary Batteries (non-rechargeable)

e Reserve Batteries (activoted just prior to use)

e Secondary Batteries (rechargeable)

e High Temperature, Advanced Batteries (rechargeable)

e Thermal Batteries (non-rechargeable)

e Low Temperature Fuel Cells (aqueous electrolytes)

e High Temperature Fuel Cells (liquid, solid electrolytes)

® Fuel Processors (for fuel cells)

e Water Electrolyzers (for producing hydrogen fuel)
and supporting equipment where appropriate. 1In analyzing the requirements

for these systems it was convenient to categorize the use of ceramic
materials according to the following classification:

e Electrodes (electronic conductors)

o Electrolytes (ionic conductors)
® Separators and Spacers (electrical insulators)
% ® Seals (mechanical function)
1 e Feedthroughs (electrical function)
4 e Coatings and Structural Components
5 where, in general, the usual electrochemical (battery or fuel cell)
i terminology is implied. Under the "electrode" category the ceramic materials
1 may either function as the active electrode material itself, or as a support
; for the electrochemically active material, as is often found in fuel cells.
: 6
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In "electrolytes", again the ceramic material may either act as the ionic
conductor, as in sodium-sulfur batteries, or it may be present as an
immobilizer as in some "non-spill" lead-acid batteries. '"Separators" may

be either solid or porous ceramic materials, powder materials, fibrous
materials (non-woven fabrics) or incorporated into other organic or inorganic
materials as fillers. 'Spacers" are inert materials which serve to fill
voids in the internal volume of devices in order to reduce electrolyte
requirements, or to prevent excessive vibrations, for example. One or more
terminals, usually on a battery, are insulated from the cell case if it is
an electrical conductor. "Feedthroughs" are needed to accomplish this, and
these are usually of a ceramic-to-metal type. Ordinary cell closures, or
joints between internal cell components may not need to be electrical
insulators. These closures are referred as "seals', and may have the same
requirements as "feedthroughs" in some instances to provide hermeticity.
Ceramic coatings may be used on container materials or current collectors

to impart corrosion resistance. Finally, ceramic materials may be used
primarily as structural members, for example stiffener plates in battery
assemblies.

In the Task 1 studies the term ceramic was used somewhat loosely to

include conventional ceramic materials, such as refractories, porcelains

and glasses, as well as ceramic~like 1inorganic waterials, such as borides

and nitrides, and asbestos. A limited discussion is included in this report
about these ceramic-like materials because of the similarity in requirements,
properties and applications with many of the ceramic materials identified.

For the purposes of this study it is convenient to think of batteries

which operate at near ambient temperatures, (-40 to +75C) and those that
oeprate at elcvated tcmperature (200 to 450C). Under the former category
fall most conventional batteries of the primary, reserve and secondary types
which are relatively we!l developed, and are manufactured commercially. The
type of construction and materials employed are usually well known, and the
cells and batteries well characterized, physically, chemically and electrically.
High temperature batteries refer to secondary batteries with the potential
for delivering large amounts of power; and storing relatively large amounts
of energy in hardware of smaller volume than the low (ambient) temperature

batteries. The high-temperature batteries are often referred to as "advanced"
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: batteries, and they are relativel

Yy less developed. Batteries often have not
been evaluated

of both high~temperature batteries and low-

[
temperature types. Problem areas 3

are discussed in more detail in a subsequent section of thig report prior to

identifying research needs.

Lithium - Thionyl Chloride Batteries

PP N TR e !

ir research, development and commer-
clalization, D - size, cylindrical ce

11s are common, but work ig Proceeding
on the development of Prismatic cells

of up to 4000 ampere hour capacity(l).

Pre—assembled, glass-to-metal seals have been found to be the only

type satisfactory for hermetic feedthroughs(A)

for this type of cell,
Polymeric materials for crimped seals were found to be subject to cold flow,
and also to chemical degradation by the highly oxidizing conditions found in

materials(G)

- Z e
R g R R g

these cells due to the reactivity of the active + Figure 1
shows the type of glass-to~metal seal which has
feedthrough for low-rate cellg used in

medically inplanted devices(a)

e

+ However,

because of problems experienced with
some cells under high-rate operating condi

tions, a safety vent can be
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Terminal cap
Glass-to-metal seal (feedthrough)
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Electrode/separator
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—
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FIGURE 1.

SCHEMATIC REPRESENTATION OF ONE TYPE OF
GLASS-TO-METAL HERMETIC SEAL ARRANGEMENT
IN LTTHIUM-THIONYL CHLORIDE D-SIZE CELLS.
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incorporated to relieve internal gas pressure build up, and to minimize the

)

risk of thermal runaway
Various borosilicate glasses have been investigated(6) for use in

seals and as separator materials to withstand the oxidizing environment within

the cells. These materials were found to be stable in the tests performed.

The only observable effect of exposure to 1-8 M LiAlClAISOCE2 solutions was

a partial exchange of lithium ions with the cations at the surface of the

glass in contact with the test solution. Tt was concluded that borosilicate

glasses are useful separator materials for lithium-thionyl chloride cells.

Lithium - Vanadium Pentoxide Batteries

Primary active and reserve batteries of this type are under

) 4®

development and being evaluate because of their high-energy density

and high-cell voltage (v3:5v). Reserve cells built by Honeywell Power
Service Center(7) incorporate a glass-to-metal seal between the stainless
steel case (electrically connected to the positive electrode) and the
negative terminal. Few details of the seal are given in the scientific
literature, but additional information is available from Honeywell, who are
under contract to Picatinny Arsenal and the Army ECOM to perform certain
phases of the development work. Figure 2, taken from Reference (9) depicts
the type of glass-to-metal seal arrangement used on reserve cells with design
capacities of 0.100, 0.185, and 0.500 ampere hour.

Zinc - Mercuric Oxide Batteries

This 1is an alkaline electrolyte battery system which has been
available for many years in cylindrical configurations. Conventional zinc -
mercuric oxide batteries do not contain ceramic materials, and suffer from
several shortcomings when operated at low-current drains for extended periods
of time. For example, internal shorts may develop, there may be electrolyte
leakage, self-discharge and the development of high-contact impedance. For
certain applications, such as their use in implantable cardiac pulse
generators, these shortcomings must be overcome if a satisfactory product
is to be marketed. The Medical Systems Division of the General Electric
Company have developed reliable, long-life zinc - mercuric oxide cells which
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FIGURE 2. SCHEMATIC REPRESENTATION OF THE
GLASS-TO-METAL SEAL ARRANGEMENT
ON RESERVE LITHIUM-VANADIUM
PENTOXIDE CELLS.
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do not exhibit the problems described above(lo). These cells incorporate

a ceramic-to-metal seal as a feedthrough. This seal is of the aerospace

type incorporating an alumina-based ceramic insert brazed to the negative

terminal post, and provides a hermetic closure.

Zinc - Silver Oxide Batteries

Secondary silver - zinc cells have been developed for aerospace
operations, one of the requirements for which is that the cells must be
sterilizable. Sterilization at 145 C imposes severe requirements for
separator (and other organic) materials which are commonly used for terres-
trial applications. The Astropower Laboratory of Douglas Aircraft Company,
developed some time ago(ll) a proprietary ceramic separator material capable
of withstanding chemical attack by the hot KOH clectrolyte. The ceramic
materials (not identified) in the form of a powder, were milled with a binder,
pressed in a die, then sintered to form permeable discs or sheets for use in
experimental cells evaluated under contract to NASA Lewis Research Center(lz)

A secondary silver - zinc battery has also been described in the
literature(13) in which cells are assembled with stiffening plates of epoxy-
fiber glass composition prior to being encapsulated and assembled into the
battery pack. The purpose of these stiffeners was to transmit the high-g
entry loads to the case walls, rather than directly through the Eagle-Picher
cells manufactured for this Venus Probe battery.

In a patent assigned to ESB Incorporated(la) zinc electrodes con-
taining titanium dioxide are said to give relatively high discharge rates and
to improve the shelf life of primary, alkaline zinc - mercuric oxide and
zinc - silver oxide cells. The patent describes the performance of these
batteries. In an earlier patent to ESB Incorporated(ls) silicon and
silicate additions to the alkaline electrolytes of such cells were also said
to improve the capacity and impart increased stability during storage. The
present status of these developments is not known.

Finally, as Table 1 indicates, reserve silver - zinc cells have
been fabricated which incorporate fuel cell-grade asbestos materials as
separators, These reserve cells were built by Eagle-Picher Industries for

the U.S. Air Force under a cunt-a.+ (F04701-73-C-02010) awarded in 1973.
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Zinc - Oxygen (Air) Batteries

Primary zinc - air cells and secondary zinc - air batteries have
been under development since the mid-1960's, and have received attention for
military application because the oxidant need not be incorporated in the
battery-active material, thus saving weight. The secondary types can be either
electrically or mechanically recharged. One type of electrically rechargeable
battery with a recirculating electrolyte system is known to utilize asbestos
separator materials(16). A concentric tubular electrode design i+ described
with the asbestor separator being about 0.3 mm thick. The selection of the
materials used in this type of battery was based upon the premises of,
(1) ease of fabrication, (2) low cost, and (3) proven long li’e under the
design operating conditions, e.g., operation at 50 to 55 C. The tubular
design was chosen to optimize the hydrodynamics of the system, which in turn

affect the electrochemical performance.

Hydrogen - Silver Oxide or Nickel Hydroxide Batteries

These are a relatively recent development among secondary batteries
directed towards eventual aerospace or military applications. The proven
performance of the nickel hydroxide- or silver oxide electrodes is
coupled with the efficient operation of the hydrogen electrode, developed
previously on fuel cell R&D programs. Coupling these systems circumvents the
problems with cadmium and zinc electrodes in the more conventional zinc -
silver oxide, and cadmium - nickel hydroxide cells. However, as presently
configured, these metal - hydrogen batteries must be enclosed in a pressure
vessel to contain the pressurized hydrogen, or the hydrogen must be stored in
a metallic hydride system to be developed. A description of these systems is
given in References (17) and (18).

In a discussion of the life-testing of silver - hydrogen cells(lg)
it was disclosed that a fuel cell-grade asbestos absorber (manufactured

by Johns-Manville) and an "Astropower' separator (available through Yardney)
were used in the separator system, as shown in Figure 3. The ashestos was
about 10 to 12 mils thick, while the "Astropower" separator is a propriectary

combination of asbestos, plastic, and ceramic materials, which apparently
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FIGURE 3. DIAGRAM OF A HYDROGEN-SILVER OXIDE
ELECTRODE/SEPARATOR STACK CONFIGURATION
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had previously been evaluated in silver - zinc cells for NASA. 1In the
silver - zinc cells, the separator was reported to have lasted for 5 or 6
years(lg).

In other work performed for the U.S. Air Force, concerning fallure
mechanisms in nickel - hydrogen cells, the use of fuel cell grade ashestos
as a separator material was also mentioned by a representative of EIC
Corporation(zo). Work was performed on experimental cells in the laboratory
in order to improve upon oxygen and electrolyte management in these type of
cells. Electrolyte is lost from the electrode/separator stack by dis-
placement, and it was shown that the asbestos separator, when used, competed
with the nickel hydroxide in terms of retaining the electrolyte., In other
words, in terms of electrolyte loss the nickel hydroxide electrodes and the
asbestos separators behave similarly. Potassium titanate has also been

studied as a separator material in cells(zs)

by the Energy Research Corporation.
Second generation 50 ampere hour cells incorporating this separator material

have shown encouraging results in life cycle tests.

Cadmium - Nickel Hydroxide Batteries

The nickel hydroxide positive electrode, coupled with an hydrogen
electrode above, or in this instance with a cadmium negative electrode, is
in reality a hydrated nickel oxide electrode represented by NiOOH. Often
this battery system is referred to as the nickel - cadmium battery system, and
it has been the mainstay of aerospace programs for the last decade or so,
with development funded principally by NASA and the U.S. Air Force. More
recently it has found application as a small rechargeable battery for
portable devices and appliances.

For the aerospace applications the cells have to be hermetically
sealed, and ceramic-to-metal feedthroughs for one or both electrodes have been
developed which are found to be satisfactory. Earlier glass-to-metal seals
had been used, but the glasses were attacked by the strong alkaline (KOH)
solution inside the cell or electrolyte(ZI). Of the ceramic materials
investigated in the past, 96-percent alumina was chosen for the greatest
alkali resistance. Problems with early ceramic-to-metal seals were associated

with the brazing materials used to bond the sensitized ceramic to the metal
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feedthrough terminal. Silver brazing alloys were substitued for the
orgininally used gold-nickel brazing alloy because of their greater ductility.
However, corrosion of the silver brazes resulted in internal shorting of the
cells. Nonproprietary brazing alloys have been developed by General

Electric Company, for example, which no longer are subject to the silver
migration problem(zz).

Reference (23) reports the failure (cracking) of the ceramic material
in strenuous vibration tests in the laboratory. In actual flight, however,
this type of failure has not been observed. It should also be mentioned
that in the vibration tests, failure of the ceramic in the feedthrough was
ranked fourth in the frequency of occurrences, below the electrode tabs
breaking at the comb weld or near the electrodes themselves, and the cell
cover breaking around the terminal.

Eagle-Picher Industries have described(za)

new concepts for an
advanced, sealed nickel - cadmium cell. 1In one configuration a fuel
cell-grade asbestos mat separator is used, drawing upon technology developed
for nickel - hydrog:n cells. From the data obtained in laboratory tests
with the various configurations, it was not possible to show the superiority
of either the asbestos or the conventional Pellon 2505 (nylon) separator

material.

Lead - Lead Dioxide Batteries

These batteries incorporate an acid electrolyte, and the system
is traditionally known as the lead-acid system. Lead - acid batteries have
been used in vehicular applications since the turn of the century.
Although exhibiting relatively low energy and power densities, the active
materials are in ample supply, and the batteries are well-developed and
relatively inexpensive. The most recent developments have been the intro-
duction of "non-spill" batteries, where electrolyte leakage is prevented
by chemical &nd mechanical means, and the low-maintenance batteries, dubbed
as "maintenance-free" because watering {s usually not necessary during
the life of the battery under normal operating conditions. Lead-acid
batteries are now available in a wide range of sizes and shapes, and their

performance has been slowly, but steadily, improving over the years.
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Some of the "non-spill" cells have a gelled, immobilized electrolyte.
Gelling is achieved by the addition of a siliceous material. Amorphous
silica has been added to the electrolyte of cells containing electrode grids
fabricated from a conventional 6 percent antimony-lead alloy. The addition
of the silica was said to increase the resistance of the positive electrode
to shedding (loss of active material), while at the same time, improving

cycle life and the capacity obtainable on discharge over a certain range of

compositions(26). Silica or titania, or alumina may also be used to
dispersion-strengthen the electrode grids, thus permitting the amount of
hardening alloying additions to be reduced(27). Commercial cells incor-

porating these inert ceramic materials, however, have not been reported in
the literature.

Another application of silica in lead - acid batteries has been its
incorporation into polymeric separator materials, to produce, for example,
microporous polyethylene separators(zs). The material produced, after
extracing the plasticizing oil, is tough, flexible, strong, and extremely
corrosion resistant. Coupled with the fine pore size, the above advantageous
properties mean that very thin separators can be fabricated and used in
high-performance cells. Fiberglass spacers and separators have also been
used in conventional lead - acid batteries. The separator is made from a
fiberglass mat, which may contain an intermediate layer of silica powder, and
which may have a latex coating to reduce pore size and inhibit antimony
transfer, which poisons the positive electrodes(ze). These separators are
also tough and flexible, and often are used adjacent to the positives to
prevent shedding, essentially by a mechanical retention action. Used in
this role, a more conventional separator material is often incorporated
to function as the electronic insulator. Sealed, cylindrical lead-acid cells,
a recent innovation being investigated for use by the U.S. Air Force, for
example(zg), are fabricated with a thin glass mat separator material, which
is ideally suited for the spiral-wound configuration of the electrode/
separator structure. The sealed construction is made possible by the careful
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